Experimental simulation of air bubble movement in a 1/3rd scale model slab caster mold has been done for parallel, upward and downward port submerged entry nozzle (SEN) with different water flow and air flow rates in order to study the bubble penetration depth, horizontal dispersion and the air jet angle. It has been observed that the bubble penetration depth depends more on the flow rate of water rather than that of air. The bubble penetration depth also depends on the port angle and on the "well" provided on the SEN. Below a certain critical water flow rate the flow becomes asymmetric in the slab caster mold for a given flow rate of air. SEN with a well depth may help to avoid bubble entrapment defects in the slab at the cost of higher surface disturbances on the mold. A mathematical modeling of the air bubble movement in water was also carried out for the same experimental set up where it was observed that for same air flow rate the bubble penetration depth was more for higher water flow rate confirming to the experimental findings. The experience gained from the experiment and mathematical modeling helped to fine tune the parameters at the caster so that the strike rate of ultra low carbon grade steel could be improved substantially.
Introduction
Injection of argon gas into submerged entry nozzle (SEN) is a common practice in continuous casting of slabs to prevent the nozzle clogging. Tata Steel uses a stopper-rod system in the tundish for metal delivery into curved-type mold, which is inherently prone to argon gas entrapment. The injected gas, eventually, goes into the liquid steel in the mold in the form of gas bubbles. Most of the bubbles floatup because of density difference with liquid steel, but some of the bubbles are dragged deep into the mold because of inertial force. The top inner solidified shell can entrap these bubbles as they rise. Gas bubbles are thought of as carrying media for non-metallic inclusions. The gas and non-metallic inclusions are detrimental to the quality of the subsequent casting as because in rolling of the slab and annealing of the resultant coil the entrapped gas can blister the steel surface. Thus a proper understanding of the conditions affecting bubble movement is of great importance for achieving good quality in finished steel. Parameters such as steel throughput, casting speed, argon flow rate, SEN submergence depth, slab width and nozzle geometry significantly affect liquid steel flow and bubble movement in the mold. To control the fluid flow in the mold, several steel makers use the electro-magnetic stirring technique. The technique is not fully capable of removing the defects caused by bubble entrapment. Internal and surface quality of the cast product can be maintained by controlling the process parameters to regulate the fluid flow and bubble movement in the mold.
Researchers, across the world, had been making enormous efforts to establish the cause and the mechanism for these defects, but the defects could not be removed completely, in spite of exercising all the precautions [1] [2] [3] [4] till now. Water modeling technique along with numerical analysis of the process has proved to be quite helpful in understanding the phenomenon. Water modeling technique is easy to operate, allows good visualization of flow and bubble movements and is, therefore, very useful for parametric studies. However, when gas is injected into the mold the similarity between model and actual casting is compromised. With the invention of the powerful computers, mathematical models have proved to be very helpful in capturing the phenomenon and thus optimising the process parameters for better product quality and productivity.
Several studies have been carried out to assess the effect of argon gas injection [5] [6] [7] [8] [9] on the liquid flow in the mold. An increase in the argon bubble size had been reported with increasing gas flow rate and decreasing the steel flow rate. It has also been spotted where the argon bubbles can most likely be found on the free surface and create foam formation. Gupta and Lahiri 10) have tried to assess the flow asymmetry inside different mold configurations.
10) It must be noted that with the asymmetric flow the location of foam formation by the argon bubbles will be much different compared to a situation without having asymmetric flow.
Recently, Esaka et al. 6) showed the entrapment of argon bubble depends on the roughness of the solid liquid interface.
Mathematical modeling have been done to understand the movement of bubble in the mold [11] [12] [13] but none of these models could show the real bubble movement because their models were not capable to track a bubble as has been done in the present study. Dash et al. 14) first demonstrated the movement of bubble in a slab caster mold through a mathematical model and could show the surface disturbances matching with that of the experiments of Gupta and Lahiri. 15) In the present work physical and mathematical modeling are done for the bubble movement in a slab caster mold to understand the effect of various parameters like steel throughput, argon flow rate, SEN submergence depth, SEN well depth, and section sizes of mold with different type of SENs for a curved type caster with stopper rod system. The insight gained by the study is employed in the actual plant practice, which resulted into an improved strike rate (%age acceptance of finished steel at the plant) of the ultra low carbon grade.
Physical Modeling with Water

Similarity Considerations
A 1 : 3 (model : prototype) scale down water model was used to observe the phenomenon of argon bubble movement in the slab caster mold. The model was made-up of perspex. The entire tundish-to-mold system was modeled including stopper rod system. Porous plug was placed within the stopper rod to have a more realistic physical model. The mold was made up of sufficient length (2 m) to simulate the recirculation of flow in the lower part of it and to cut off the exit flow disturbances. The SEN has bifurcated rectangular ports with provision to change well depth. Three types of SENs, with port angles 0°, 15°upward and 15°downward were used with the appropriate similitude criteria. Air was injected at the center of the SEN through a tube inside the stopper rod. Figure 1 shows the schematic diagram of water model experimental set-up.
A similitude analysis was done for modeling the injection of gas into slab caster mold. Various dominating forces such as: inertial, gravitational, viscous force between the steel and gas and the buoyancy force were considered to model the argon bubble movement in the mold. The Weber number similitude is not relevant in the present situation, as the interfacial surface tension forces do not bring any significant contribution to the bubble movement. In the actual mold flow is turbulent so in the model it was ensured that the flow remains turbulent. Inertial and gravitational forces are mainly responsible for the fluid flow, breaking of the surface wave and bubble movement. To capture the desired phenomenon these forces were taken into consideration for deciding the model parameters. Hence, the Froude number was the most important non-dimensional parameter, which was made equal for the plant and the model. Applying Froude similitude V r , the ratio of the velocity in the model to the velocity in actual caster, and the geometric scale factor l are related as follows: (2) where, L represents the half mold width. Water was used as the modeling fluid to simulate steel as it approximates Reynolds similitude, convenient to handle and has almost similar kinematic viscosity as that of steel. Water flow rates used in the model corresponding to actual throughput in the caster were calculated based on Froude similitude. Air was chosen to simulate argon gas. To model the gas flow a modified Froude similitude was considered, where buoyancy force of the gas was also taken into account. In the model, Froude number and modified Froude number were kept same as in the actual caster. Argon gas expands in the SEN due to hotter surroundings. This was taken into account in the water model. Assuming ideal gas law holds good for argon gas: The resulting dimensionless numbers and the flow rates are shown in Table 2 .
Experimentation
During the experimentation the fluid flow and movement of bubbles were visually examined along with video filming for later analysis. Water was circulated in the circuit, as shown in Fig. 1 , through a buffer tank, to make continuous supply to the tundish. Water level in the tundish was maintained constant with the help of the stopper rod. Level in the mold was kept constant by adjusting the outlet valves of the mold to the buffer tank. Once the water circulation reached steady state, flow rate in the circuit was recorded by the rotameter. The parameters were chosen from practical steelmaking process. The water flow rate was varied from 18 to 27 lpm. Air from the compressor was fed to the SEN through the stopper rod and was measured by a Rotameter. The airflow rate was varied from 2 to 4 lpm. After achieving steady state the video clippings of the experiments were made. Insertion of Perspex blocks in the model varied the section size of the mold. Many experiments were carried out at different conditions to see the effect of water flow rate, gas flow rate, slab width, well depth and submergence depth with different SENs on bubble movement in the slab caster mold. Table 3 shows all the parameters at which experiments were carried out.
Analysis was done by measuring the penetration depth of the bubbles, bubble horizontal dispersion, bubble jet angle from the port and by visualization of the bubble movement. Penetration depth of bubbles was measured from the port of SEN and is defined by the deepest distance at which any bubble can be seen. The quantity of bubbles and circulation were observed visually. The horizontal dispersion is defined as maximum horizontal distance from the port at which any bubble can be seen and was measured directly. The bubble jet angle is defined as the angle from the vertical to the lower boundary of the bubble jet coming out of the port.
Mathematical Modeling
The creation of an air bubble from a sheet of air and the movement of the bubbles inside the mold has been modeled mathematically according to Dash et al. 14) The governing equations and the basic air bubble model will be discussed here.
Governing Equations
The finite volume method for incompressible viscous flows with free surface is the starting equations for the mathematical modeling. The starting point are the conservation equations for mass, momentum, and scalar quantities (e.g. energy or chemical species) in their differential form. Where, Constants used in the k-e model are:
A single momentum equation (Eq. (10)) is solved throughout the domain, and the resulting velocity field is Table 2 . Dimensionless numbers and flow rates used in the plant and model. shared among the phases. The momentum equation, shown in Eq. (10), is dependent on the volume fractions of all phases through the properties r and m.
Surface Tension and Interface Capturing
Interface-capturing method by geometric reconstruction scheme have been used to simulate the free-surface effects. In addition to the conservation equations for mass and momentum, a transport equation The grid extends to both liquid and gas phase; the void fraction c is set equal to 1 for CVs filled by liquid and 0 for CVs filled by gas. Both fluids are treated as a single effective fluid whose properties vary in space according to the volume fraction of each phase, i.e.: (14) where subscripts 1 and 2 denote the two fluids (e.g. liquid and gas).
The effects of surface tension at the interface between two fluids are taken into account through a body force as a function of the volume fraction c, which is achieved by introducing the 'continuum surface force' (CSF) model of Brackbill et al. 16) The CSF model uses the smoothed field of c to define a unit vector normal to the interface with the help of the gradient vector of c; the divergence of this unit vector defines the curvature of the interface, k. The surface tension force per unit volume (F in Eq. (10)) and the curvature can thus be expressed as:
........ (15) where s is the surface tension coefficient and r is the volume averaged density computed from Eq. (14) . Equation (15) shows that the surface tension source term for a cell is proportional to the average density in the cell.
Air Bubble Model
When a bubble is entrapped in the liquid it experiences three kinds of forces on it apart from its own weight. One is the surface tension force at the interface, the second one is the viscous force on the surface as well as everywhere inside the bubble and the third is the surrounding pressure force on it. Due to incorporation of a continuum surface force model as per Eq. (10) we take care of the viscous force and the surface tension force acting on any cell at any moment. The pressure gradient force is always present as it is imbedded in the momentum Eq. (10). So inherently the momentum equation has all the required components in it to describe the bubble dynamics when we incorporate a continuum surface force model. So separate equations describing bubble physics and its movement is not required as it is already imbedded in Eq. (10) . The entrapment of a bubble is activated when the surface overturns and intersects itself entrapping the surrounding air into the liquid. No separate activation mechanism is required in the numerical model as the velocity field is computed for a single fluid with varying local properties. If a bubble is present then the cells will have a value of cϭ1 and the boundary of the bubble will have a value of c lying between 0 and 1 and the physical properties of the local fluid will be computed according to Eq. (14) for all those cells having a value of c between 0 and 1. Velocity is computed everywhere and the velocity of the interface are also computed time to time. So the movement of the interface or the bubble can be tracked with time. The present model can therefore describe the entrapment of air bubble in the liquid and its movement in the liquid as well it's coalesces or fragmentation.
Boundary Conditions
Assuming the flow symmetry in the mold, half of the mold including SEN is chosen for the modeling. Velocity boundary condition for air is given at the center of the SEN. A uniform water velocity is imposed at the SEN inlet based on desired mass flow rate. The no-slip boundary condition is employed at the wall boundaries. An initial free surface of water is assumed based on the submergence depth of the SEN. A zero diffusive flux boundary condition for all flow variables was used at the bottom outlet of the water. The upper mold boundary was set to a constant static pressure (pressure outlet) boundary condition. Details of the boundary conditions employed in the solution can be seen from Fig. 2. 
Initial Condition
At time tϭ0 all velocity components are set to 0, except the value at the inlet where the normal velocity into the domain is set to a prescribed value. All the turbulent quantities are initialized to zero everywhere in the domain except at the inlet where they are given a pre-defined value of 2 % intensity. At the inlet c is set to one (for air) as we are solving for water as the primary phase and air as the secondary phase. Up to the initial water level in the solution domain, the value of c is set to be zero and else where the value of c is kept at 1 signifying that the rest of the domain is filled with air to start with.
Properties of the Fluids Used in the Simulation
In the numerical simulation there are only two fluids being used, those are water and air. The properties of the two fluids taken for the simulation are as follows:
Solution Procedure
The partial differential eguations, Eqs. (9)- (12), were integrated over a control volume and then discretized using a finite volume technique to yield algebraic equations. The algebraic equations were solved using the multi grid technique of Fluent. 17) The convective variables in the momentum equations and also in the k and e equations were approximated by the second order up-wind scheme while the pressure velocity coupling was done through the Presto scheme. Details of the solution procedure can be found in Dash et al. 14) and is not described here to save writing space. The computational domain is shown in Fig. 2 and that has been discretized using ϳ16 000 Cartesian finite volumes. Smaller grid spacing is used near the SEN outlet port to ensure capturing of air bubbles. The grid size was also reduced near the free surface to capture the oscillation of the free surface thus showing the surface wave created on the mold. The time step was set to 0.0005 s to have a stable computer run. About 2 to 3 iterations were needed to get a converged solution at each time step.
Results And Discussions
Behavior of Gas Bubble in the Mold
Other than affecting the heat transfer and fluid flow in the mold, the gas bubble movement also dictates the quality of steel, as it is responsible for inclusion and bubble entrapment. Bubble dispersion in the mold should be such that it should ensure easy floatation without much disturbances in the mold and at the free surface. This can be well achieved by ensuring the bubble dispersion such that they should neither accumulate around the SEN causing excessive foam formation nor should they hit mold wall and go deep into the mold. The throughput (liquid flow rate) plays an important role in the bubble dispersion. As indicated in Figs. 3  and 4(a), 4(b) , at a constant gas flow rate the horizontal bubble dispersion increases with increasing throughput. Experiments revealed that at a constant throughput, varying gas flow rate had almost no effect on horizontal bubble dispersion (Fig. 5) . Bubbles traveled deeper into the mold as water or gas flow rate was increased. The effect of throughput was more predominant than any other parameters studied. Reynolds number was found to be having an effect on bubble penetration depth as shown in Fig. 6 . The finding can be attributed to the fact that at higher Reynolds number, the injected gas was broken into very fine bubbles, so they did not float that quickly. The quantity of bubbles, thus generated, was more for a given gas flow rate as the Re was increasing. Increasing gas flow rate resulted in larger and more number of bubbles, which are thought of as root cause of the pencil pipe defects. The depth of bubble penetration increased as the gas flow rate was increased (Fig. 6) . With the increased flow rate of the gas the size distribution of the bubbles will widen. This means there will be finer bubbles as well as many of the larger bubbles also. The finer bubbles will go down while the larger ones will float up. In the range of parameters studied, the gas jet angle was unaffected by the change in liquid flow rate which can be seen from Fig. 7 for the first two sets of data points. Gas flow rate was found to be main controlling factor in the characteristic of gas jet. As gas flow rate was increased, the gas jet angle became steeper i.e. downward (Fig. 7) . If the gas jet angle is 90°this means the gas is traveling horizontally and if the angle is 0°then the gas jet is traveling vertically downward along the wall of the SEN. For the case of water flow rate of 27 lpm and gas flow rate of 4 lpm there was an unexpected change in jet angle, which was due to the appearance of biased flow.
Effect of Submergence Depth
Number of experiments were conducted for two distinct submergence depths of 40 and 60 mm. Meniscus disturbance was observed to be more in case of lower submergence depth (SD). In case of shallower depth the gas jet coming out of the SEN port has to travel lesser vertical distance to come to the free surface than that of higher SD. This leads to higher and comparably more localized bubble density (number of bubbles per unit volume) at the surface. Theses bubbles when come out impart more energy to the meniscus causing more surface fluctuations. A clear difference (Fig. 8) was observed in terms of bubble movement for two different submergence depths. In case of higher SD, bubbles were found to be floating around the SEN, while in case of shallower SD the bubble jet was flatter causing more bubble dispersion and bubbles were not floating near the SEN. Difference in this phenomena has its implications in the fact that if bubbles are rising near the SEN it could form foam around the SEN. This may lead to detrimental consequences in terms of defects. Thus a proper optimization is required to decide the SD. The difference in air jet angle was found to be diminishing as air and liquid flow rate was increased, say for example with liquid flow rate of 18 lpm and air flow rate of 2 lpm the air jet angle was 74°Ϯ2°in case of higher SD and 66°Ϯ2°in case of shallower SD. When air flow rate was increased to 3 lpm and liquid flow rate to 27 lpm, there was no difference in air jet angles for the higher and shallower SDs.
Effect of Port Angle
Experiments were carried out for three different SENs having port angles; Ϫ15°(downward), 0°, and ϩ15°(upward) to study the movement of bubbles in the mold. The gas jet angle was found to be varying according to the port angles, but was distinctly different for Ϫ15°downward-port. It is because a downward angle favors the direction of inertial forces at the port exit. For example, the gas jet angles were 73°, 47°and 79°for 0°, Ϫ15°(downward), and ϩ15°(upward) ports respectively for a typical condition. The effect of port angle was clearly reflected in the penetration depth of the bubbles. The deepest penetration depth was for Ϫ15°downward port, and the meniscus was observed to be calmer. Horizontal dispersion was the maximum for the 0°port and minimum for Ϫ15°(downward), which can be seen in Fig. 9 . Most of the bubbles are floating near the SEN in case of Ϫ15°downward port, which is not good and may lead to excessive foam formation in actual situation.
Asymmetric Flow
For some of the operating conditions an asymmetric flow was observed in the mold near the SEN i.e. liquid or gas flow rate from the two ports were not equal. Asymmetric flow was observed at higher gas flow rates for a particular liquid flow rate. Asymmetric flow drives the bubbles further deep into the mold making conditions favorable for bubble entrapment. Specific experiments were carried out to understand the reason for asymmetric flow. It was found that for any air flow rate; there exist a critical liquid flow rate in the SEN, which causes asymmetric flow. Table 4 shows the critical water flow rates for an air flow rate where asymmetric flow has appeared. It is clear from the table that with air flow rate of 4 lpm, 25 lpm water flow rate is the critical flow rate below which asymmetric flow occurs. It can also be said that for any liquid flow rate there is a critical airflow rate above which asymmetric flow occurs. The reason for the above said behavior can be explained like this: keeping the air flow rate constant at 4 lpm and water flow rate at 15 lpm, there was not enough shearing force to break the air sheet coming out of the stopper rod, so the air distribution within the SEN was not uniform and it exists in pockets. As the water flow rate was increased the air sheet was broken into bubbles at a critical water flow rate, making the air distribution within the SEN uniform thus causing asymmetric flow to disappear. Experiments at different airflow rates were carried out and it was found that asymmetric flow situation occurs at a definite liquid to gas flow rate ratio. For the present study it was approximately 6. Figure 10 shows some typical conditions at which asymmetric flow occurred.
Effect of Well Depth
Experiments were carried out with 0°port angle SEN with a well depth of 7 mm in the model. Bubble movement was found to be different in the case of SEN having well depth in comparison to that having no well depth. Bubbles were well dispersed throughout the mold width ( Fig. 11(a) ) when the SEN did have a well, (i.e. horizontal dispersion was more). Bubbles were localized in the case of a SEN having well depth, and the horizontal dispersion was seen to be less as has been shown in Fig.11(b) . The bubble penetration depth was almost comparable in both the cases but at the same depth there were lesser number of bubbles in case of SEN with well depth. It can be seen in Fig. 11 that the bubble jet emerging out of the port was more localized in case of SEN with well depth, causing greater surface disturbances. Taking the penetration depth into account it can be told that the SEN with well depth would be better than the SEN without well depth, at the cost of marginally higher surface disturbances.
Effect of Section Size
To address the effect of section size in the plant operation, experiments were carried out in smaller section size of 433 mm for throughputs of 18 and 22 lpm and air flow rate of 2 and 3 lpm respectively. Eight experiments were conducted with two section sizes where the liquid and the airflow rates were only varied. The smaller section will have a higher casting speed, thus higher downward velocity, as because the liquid flow is same in the smaller as well as in the larger section size. The bubble jet angle in the smaller section size will be lower compared to the larger section because the bubbles have to travel downward quickly due to the presence of the near by wall (narrow side wall) where the liquid jet hits (Fig. 12) . This leads to a marginal higher Table 4 . The occurrence of biased/asymmetric flow at a critical water flow rate. penetration depth for the case of smaller section size.
Mathematical Modeling
The mathematical modeling of air bubble movement in the slab cater mold resulted as a good visualization tool. The two-dimensional results qualitatively match with the water modeling. Figure 13 shows the movement of air bubbles in water after 3 s of air injection into the mold through the SEN. The effect of throughput and gas flow rate, in terms of trends, was found to be similar for both the cases, though gas jet angle differs to some extent when compared with the water modeling. As observed in the experiments, the mathematical modeling revealed that it is the smaller bubbles, which travel deep into the mold and cause the quality related problems. Figure 14 shows the bubble positions almost at steady state for water flow rates of 18 and 27 lpm. It can be observed from the figure that there is more number of air bubbles when the water flow rate is higher (for the same flow of air) and also the bubble penetration depth is higher for higher flow rate of water. This finding was also observed in the experiment. The bubble size shown in the mathematical modeling (Figs. 13 and 14) seems to be little higher compared to that of the experiment. This is because the cell size chosen in the modeling was 0.5 mmϫ0.5 mm in the near by zone of the SEN port and the free surface. A much smaller cell size should be used in order to capture small bubbles but the computational time will be too large to get a practical solution. It should be mentioned here that in reality the size of the bubbles is decided by the gas flow rate, water flow rate, viscosities of both the fluids and the surface tension between gas and water. In the mathematical model the size of the bubble need not be prescribed at the beginning as because the solution process will bring that automatically through the prescription of the CSF model where the surface tension is taken into account already. But the mathematical model will depend on the grid size for predicting the size of the bubble where as in real experiment this does not happen. However, one has to use a fine grid for obtaining a very precise bubble size but eventually that will not be required very much if one has to only draw a qualitative inference from the mathematical model. The present modeling approach of bubble movement in the mold can be adopted to predict the bubble dispersion and the penetration depth in actual plant practice.
Conclusions
Water model techniques along with mathematical modeling were used to study the movement of bubbles in the slab caster mold. Parametric studies were performed to investigate the effect of throughput, argon gas flow rate, submergence depth, SEN port angles and its well depth on the casting conditions. The key findings are summarised as follows:
(1) The penetration depth of bubbles increased with increase in throughput keeping rest of the parameters constant. With a 50 % increase in the throughput, the maximum depth to which bubbles reached, increased by 60%. More number of smaller bubbles was generated with the increase in throughput resulting in increased bubble dispersion and this finding could be tested directly from the mathematical simulation of bubble movement.
(2) Increasing the gas flow rate generated relatively larger and more number of bubbles. Beyond a critical gas flow rate, the flow becomes asymmetric out side the SEN.
(3) The bubble penetration depth in case of 15°down-ward-port SEN was found to be maximum among the SENs used.
(4) SEN with a well depth may prove to be better option in reducing the bubble entrapment defects but severity of higher surface oscillations has to be judged.
(5) Mathematical modeling can be used as a good visualisation tool to enhance the understanding of the bubble movement in the mold. 
